Abstract -The meiosis in the pollen mother cells (PMCs) of nuclear and nuclear-cytoplasmic male sterile (CMS) pepper lines No.1647 ms 8 ms 8 and No.K587 Srfrf was evaluated to establish the causes of male sterility. The investigations of sterile (ms 8 ms 8 ) plants revealed that at diakinesis and metaphase one, along with the bivalents, up to 4 quadrivalents, and between 2 and 16 univalents were observed in 21.2% and in 6.2% of the PMCs, respectively,. In the remaining 72.6% of the cells normal pairing and formation of 12 bivalents was found. Lethality in ms 8 ms 8 plants occurred after the second telophase, as cytokinesis and microspore formation were blocked. Similar meiotic disturbances were not visible in the fertile analogues (Msms) from line No.1647 and that was refl ected in the: presence of cytokinesis after the second telophase; tetrad creation in about 99% of the cells; pollen fertility in the range of 60-100%. In the CMS line No.K587, the existence of 12 bivalents (73.8% of the PMCs), one or two quadrivalents, and up to six univalents (21.9% and 4.3% of the PMCs) were described. The microspore degeneration started either after the tetrad stage, as the callose was not dissolved and the microspores were not released from the sporads, or in some cases at various phases of the microgametogenesis. The chromosome rearrangements and chromosome breakage leading to those aberrations could damage the genetic system responsible for the regular initiation, running and termination of late meiotic stages, especially the termination of TII and initiation of cytokinesis in ms 8 ms 8 plants, and loss of callose dissolving in the CMS plants.
INTRODUCTION
Male sterility in pepper (Capsicum annuum L.) was reported for the fi rst time by MARTIN and GRAWFORD (1951) and the fi rst cytoplasmic male sterile (CMS) plants were described by PETERSON (1958) . Since then, nuclear and nuclear-cytoplasmic male sterile genotypes in this species have been obtained by mutagenic induction (DASKALOV 1968; 1973) or by interspecifi c hybridization (RUSENOVA-KONDAREVA 1968; DU-MAS de VAULX and PITRAT 1977; ANDRASFALVY and CSILLERY 1983; YAZAVA et al. 2001) . Much information has been published concerning the nature, inheritance and stability of pepper male sterility, and the possibility to include sterile forms in breeding programs and sterile lines in hybrid seed production (DASKALOV 1971; PATHAK et al. 1983; PATEL et al. 2001; YAZAVA et al. 2002; KUMAR et al. 2003) . Cytological investigations to identify the meiotic stages of gene ms expression and gene-cytoplasmic reaction in Srfrf genotype were performed by some researchers. By carrying out cytological characterization of two sterile lines with recessive genes ms 3 and ms 8 obtained by DASKALOV (1968; 1973) and one CMS line (with genotype Sms-5ms-5), KROUL-EVA and DASKALOV (1978) concluded that there were no essential differences in the moment and mechanisms of degeneration and lethality of the meiocytes between nuclear male sterile and CMS plants. NOVAK (1971) and KUMAR et al. (2001) reported irregular meiosis, especially at the second telophase in CMS individuals. Abnormal function of the tapetum in both types of male sterility and a sterilizing effect of S plasma in the CMS plants was found by NOVAK (1971) , HORNER and ROGERS (1974) , KROULEVA and DASKALOV (1978) . According to DONG et al. (2007) , mitochondrial genes are generally sterilizing factors in cytoplasmic male sterility in chili pepper.
The aim of the present investigation was to evaluate cytologically the particularities of meiotic chromosome behaviour in the pollen mother cells of sweet pepper nuclear male sterile line No.1647 (ms 8 ms 8 ) and of chili pepper line No.K587 with nuclear-cytoplasmic male sterility (Srfrf). (Line No.1647 x variety "Stryama") and some differences of their chromosome behaviour were evaluated. The slides were obtained by temporary squash preparations and stained with 4% acetocarmine. The chromosome associations and the frequencies of meiotic confi gurations were recorded at diakinesis and metaphase one. Some disturbances of the chromosome behavior were described at the anaphase and telophase stages. 
MATERIAL AND METHODS

RESULTS
Complete
and formed 12 bivalents (II) (Fig. 1a ) in about 72-73% of the PMCs. Due to reciprocal heterozygous translocations, quadrivalent confi gurations (up to 4IV) ( Fig. 1b ; Fig. 1c ; Fig. 1d ) have been described in 17.0% to 25.0% of the meiocytes. The number of quadrivalents was more than one in 5.3% -9.1% of the PMCs (0.33IV per PMC) ( Table 2 ). The percentage of the cells with univalents (up to 16I) varied from 2.3 to 9.7 and indicated that either some chromosomes did not pair or the quadrivalents separated early directly into univalents (4, 8, 12 and 16I) or bivalents + univalents ( Table 1 ). The distribution of the univalents towards the spindle poles was visually correct (12-12) in 86.2 to 92.8% of the cells at anaphase one (AI) (Fig.  1e ). Irregular orientation of chromosomes and formation of unbalanced nuclei in type n-1 n+1, n-3 n+3 and n-5 n+5 were observed in about 5.6% to 6.1% of the meiocytes. Some bivalents divided later ( Fig. 1f ) and 1-2 lagging chromosomes were formed between 3.0 and 5.6% of the PMCs. The presence of a bridge ( Fig. 1g ) was described in several PMCs. In some cells of plant No.1, a few chromosomes started to divide earlier in AI and the chromatids were included in telophase one (TI) in parallel with the chromosomes.
Similar disturbances as those observed at AI and TI were evaluated at the second anaphase and telophase (AII and TII). The degeneration process (Fig. 1h ) started after TII, as no cytokinesis and no later phases were observed in any of the PMCs in the studied three ms 8 ms 8 plants.
There was formation of three and four polar spindles in a few cells. The data shown in Table 2 and Table 3 present the mean frequencies of chromosome confi gurations and chromosome associations at diakinesis and MI in the PMCs of fi ve nuclear-cytoplasmic male sterile plants (Srfrf). Creation of 12II was observed in 66.7% to 85.1% of the meiocytes. The percentage of the cells with quadrivalents (1-2IV) (0.27 per PMC) (Fig. 2a) and univalents (2-6I) was found to change signifi cantly in the investigated plants -from 10.6 to 28.8, and from 3.4 to 8.4, respectively.
The distribution of the univalents toward the spindle poles at AI appeared correct on average in 89.3% of the PMCs of all investigated plants (Fig. 2b, Fig. 2c ). Unbalanced orientation of univalents in type n-1 n+1 was described in 2.9% of the meiocytes. Tripolar orientation, some lagging chromosomes, bridge formation and early division of chromosomes to chromatids were also observed at AI. The second anaphase and telophase ran in a similar way (Fig. 2d) . Microsporogenesis in the nuclear-cytoplasmic male sterile plants fi nished with tetrad formation ranging from 97.4% to 100% of the cells (Fig. 2e) . The degeneration process (Fig. 2f) started either after the tetrad stage, as the callose had not dissolved and microspores had not been released from the tetrads, or at various phases of the microgametogenesis. In some cases degeneration of microspores (Fig. 2g) and pollen grains at a mononuclear stage (Fig. 2h) was found. Early perishing in the prophase and pyknotic degeneration of the nuclei was detected in a few PMC.
DISCUSSION
Chromosome aberrations -translocations, inversions, duplications and deletions -play a considerable role in the evolution of plant species. Large-scale chromosomal translocations have widespread occurrence and account for the great plant diversity.
In this investigation, at diakinesis and metaphase one up to 4 quadrivalents ( Fig. 1b; Fig.  1c ; Fig. 1d ) and univalents (4, 8, 12 and 16I), probably a result of early chiasma terminalization and separation of some quadrivalents, were established alongside the bivalents in part of the meiocytes of nuclear male sterile plants (ms 8 ms 8 ) from line No.1647.
In our opinion, the chromosome breakage leading to chromosome rearrangements might be connected with the male sterility in pepper line No.1647. The number of quadrivalents (up to 4 in some PMCs) ( Fig. 1c; Fig. 1d ) indicated that the translocations perhaps concerned not only two non-homologous chromosomes. Due to translocations, part of the chromosomes had some duplicated or absent segments. According to the quadrivalent orientation on the metaphase I plate, formation of gene unbalanced nuclei was possible in the case of the movement of interchange and normal chromosomes to the same poles. The distributions of the univalents towards the spindle poles during AI were visually correct in about 90% of the cells of the male sterile plants (Fig. 1e) . Aneuploid chromosome orientation at AI in type n-1 n+1, n-3 n+3 and n-5 n+5 was observed in about 5.6% to 6.1% of the meiocytes. Some univalents started to divide earlier at AI in a few cells, which indicated that the regular separation of the centromers was probably not always correct. SANDLER et al. (1968) in Drosophila melanogaster described the mutated gene mei-S 332 a which produced earlier division of centromers of the sister chromatids at AI. The cytological study of the male sterile plants from line No.1647 (ms 8 ms 8 ) showed absence of cytokinesis after the second telophase and no later phases were observed in any investigated PMCs. The meiosis in species Capsicum annuum L. is simultaneous and probably, due to irradiation, there are some chromosome changes which could damage the genetic system, responsible for the strict order of initiation and termination of meiotic stages, especially regular termination of the TII and the following initiation of cytokinesis. BEADLE (1932 a) in species Zea mays and ROMRELL et al. (1972) in Drosophila melanogaster described the function of the recessive va, respectively ms (2R) genes, which accounted for the absence of cytokinesis in meiotic division. According to KROULEVA and DASKALOV (1978) , the meiotic behaviour of the male sterile line "Albena" (ms 8 ms 8 ) showed regularity until the tetrad stage. The authors mentioned some violations but they did not specify the exact type of irregularities, nor the stage in which they occurred. Our investigation confi rmed that no more stages were observed after the second telophase.
In fertile analogous (Ms 8 ms 8 ) plants from line No.1647, regular chromosome behaviour was established, such as 12 closely synapsed bivalents at diakinesis and MI. Only in some cells was it possible to see one quadrivalent formation or presence of univalents (2-4I). The chromosome equal separated toward the spindle poles at anaphase stages and the occurrence of regular cytocinesis after TII was refl ected in tetrad formation and pollen fertility in the range from 60% to 100%.
A similar type of meiotic abnormalities and stabile expression of sterility as in the mother ms 8 ms 8 plants was found in the sterile F 2 plants from the cross between line No.1647 ms 8 and the pepper variety "Stryama". But the interchanges of mother's chromosomes and the structural differences between them and the father's chromosomes determined the reduction of the bivalent conjunction and the increase in the percentages of PMCs with univalent formation. As in the mother plants, presence of quadrivalent confi gurations, blockage of cytokinesis and loss of tetrad and microspore formation were also established in the F 2 sterile genotypes.
The quadrivalent confi gurations (1 or 2IV) (Fig. 2a) on average in 21.9% of the PMCs, and univalents (up to 6I) in 4.3% of the cells were observed at diakinesis and metaphase one in CMS plants from line No.K 587 (Srfrf). As in the nuclear male sterility, visually the next meiotic stages were regular with some disturbances: unbalanced orientation of the chromosomes to the spindle poles in type n-1 n+1; tripolar distribution of univalents; presence of a few lagging chromosomes; bridge formation. The degenera- HORNER and ROGERS (1974) presented evidence of mistiming of callose dissolution and activity of the tapetum. They argue against irregular meiosis in the cytoplasmic male sterility.
The results of our investigations show that one of the reasons accounting for the nuclear and nuclear-cytoplasmic male sterility in the observed pepper lines could be connected with the reciprocal heterozygous translocations. But in both types of sterility, lethality was caused by the function of different genes and occurred at different meiotic stages, and not in the same way. Nuclear and nuclear-cytoplasmic male sterile individuals with heterozygous translocations were vigorous, but chromosome and gene changes destroyed the function of the genetic system responsible for the regular organization and running of the mikrosporogenesis and mikrogametogenesis, which produced degeneration and sterility.
In the comparison between two forms with gene male sterility and one form with CMS, KROULEVA and DASKALOV (1978) made the conclusion that there is no essential difference in the moment or mechanisms of degeneration and perishing of the meiocytes. This is in contradiction to our established results. NOVAK (1971) , HORNER and ROGERS (1974) , KROULEVA and DASKALOV (1978) found abnormal function of the tapetum in nuclear and nuclear-cytoplasmic male sterile lines and a sterilizing effect of the S plasma in the CMS forms. According to PAPINI and al. (1999) in two angiosperms (Tillandsia albida Mez and Lobivia rauschii Zecher) tapetum degeneration appears to be a type of programmed-cell-death events, infl uencing the development of the microspores. Most likely the chromosome breakage and chromosome rearrangements might be initiate also some disorder, as early tapetum degeneration or irregular and signifi cant tappetal grow, that produce the PMCs lethality and male sterility. According to DONG et al. (2007) , mitochondrial gene (orf456) generally is sterilizing factor in cytoplasmic male sterility in chili pepper.
Male sterility is a rather complicated phenomenon. The presence of more than one mechanism responsible for the absence of pollen in the pepper anthers confi rms the need for further detailed analysis and knowledge development.
